A long-standing question in molecular biology is whether interfaces of protein-protein complexes are more conserved than the rest of the protein surfaces. Although it has 15 been reported that conservation can be used as an indicator for predicting interaction sites on proteins, there are recent reports stating that the interface regions are only 17 slightly more conserved than the rest of the protein surfaces, with conservation signals not being statistically significant enough for predicting protein-protein binding sites.
Introduction

39
Protein-protein recognition at the molecular level is the basis for numerous physiological processes in the cell. Determining the exact mode of interaction between two protein molecules is important for gaining the molecular level understanding 1 of these physiological processes. Study of evolutionary conservation and variation of the amino acids in the exponentially growing datasets of protein sequences and 3 their structures provides very useful information about the basis of protein-protein interactions and their importance in life processes. Protein-protein interaction sites have specific chemical and physical characteristics, all of which contribute to the molecular recognition process.
2 They are diverse, 7 hydrophobic, planar, globular 3-6 and typically involve large accessible sites where the solvation potential, interface propensities and protrusion of residues cannot be 9 easily distinguished from the rest of the protein's surface. 7 For transient proteinprotein interactions, binding surfaces are found to lack charged groups and have
11
an excess of hydrophobic residues, leading to an amino acid composition that is intermediate to that of the protein interior and surface. 8 The physical and chemical
13
aspects of subunit interfaces in oligomers have been extensively studied 9 in order to develop methods for prediction of putative interfaces using protomer structures 15 alone.
1,7,10,11
It has been long observed that the three-dimensional structural constraints 17 and functional selection of proteins in nature leads to the retention of significant sequence homology between proteins of similar fold and function. 12, 18 In the case 19 of permanent protein complexes of homodimers it was observed that there is significant residue conservation at the interfaces compared to other parts of the protein 21 surface. 8 The conservation of amino acids at the interaction site depends not only on the geometry and electrostatic complementarities of the interacting surfaces but 23 also on the context of its functional contribution. The efficiency of the binding of some active sites is allosterically regulated and the site can adapt to muta-25 tions through extensive structural rearrangements. 19 Thus, the effective functional site not only includes part of the ligand contact site, but also extends beyond it 27 through allosteric interactions, and the effect of mutations depends largely on their surrounding environment.
29
The identification of functional sites on the proteins such as binding surfaces by using evolutionary tracing of the conserved residues in the homologous sequences 31 and structures has been recently investigated. 20, 21 There are a few studies where the conservation of residues was assessed qualitatively using multiple alignments
33
and phylogenetic trees to map evolutionary information onto data sets of protein structures. 26 to validate our findings.
7
Our results clearly indicate that the number surface density of highly conserved residues is significantly higher at the interface region of protein complexes. However, 9 the average conservation index of residues in the interaction patch is only slightly higher than that in any other part of the protein surface. The analysis shows that 11 the actual number of highly conserved residues per interaction site is a more useful indicator for predicting protein-protein binding sites than the average value of 13 conservation index of patches. 
Materials and Methods
15
We have selected a set of non-homologous hetero complex structures defined by X-ray crystallography at 2.0Å or better resolution from the SPIN PP data base have further validated our findings on a separate data set of non-antigen-antibody benchmark structures (Table 2) suggested by Chen et al. 26 The antigen-antibody 27 complex structures of the benchmark (Table 3) were studied separately. 29 We obtained homologous sequences of each polypeptide of the complex from the UniProt database, an annotated non-redundant protein sequence data base
Homologous sequences
31
(A non-redundant swissprot + TrEMBL + TrEMBLnew), using the FASTA3 (http://www.ebi.ac.uk/fasta33/) sequence similarity search tool at the European
33
Bioinformatics Institute. Final homologous sequence alignments were obtained using the MVIEW tool at the same site. Homologous sequences with less than 30% 35 gaps in the sequence and greater than 35% sequence identity to the parent sequence were used for analysis. If the evolutionary distance (described below) between any 37 two sequences is less than 5% then we randomly remove one of the sequences from the homolog set. The remaining sequences were used for calculating the residue con-39 servation index (described below). This ensures that clean homologous sequences with sufficient divergence are used with appropriate weight as per their evolution-1 ary distances. We have only used the complexes which have at least 8 homologous structures available after all the filters. The main assumption of the analysis is that 3 the chosen homologous proteins have similar structure and roughly have the same binding site in the sequence. 
Evolutionary distance
Evolutionary distance among the sequences is calculated using Eq. (1).
A similarity score S ii for sequence i is calculated by summing up the iden-9 tical substitution (diagonal values of substitution matrix, Gonnet et al. 29 ). Similarly, the S jj score is calculated for sequence j. A similarity score S ij between the 11 sequences i and j is calculated using substitution matrix values of corresponding aligned residues between the two sequences.
2.3.
Conservation index of residue position 1 As described above, evolutionary distances between the reference sequence and its homologues were used to calculate the residue conservation index, CI l , for each 3 position l using the amino acid substitution matrix, which is similar to the amino acid variability or conservation used by Sander, Schneider, 28 Valdar and Thornton. Conservation Index (CI l ) is a weighted sum of pairwise similarities between all residues present at the position. The CI l value is calculated using Eq. (2) in a 7
given alignment and takes a value in the range [0,1].
where N is the number of homologous sequences in the alignment; s i (l) and s j (l) are the amino acids at the alignment position l of sequences s i and s j respectively; (the higher the ED the greater the weight).
Interfacial amino acids in protein complexes
23
The solvent accessible surface area (SASA) of individual amino acids is calculated using the method of Richmond and Richards 30 as implemented by Sali 25 and Blundell. 31 Residue X is said to have 100% solvent accessibility in the Gly-X-Gly form of the linear tri-peptide and other percentages of accessibilities are 27 referred with reference to this value. We have not used the absolute value in square angstroms since the SASA of each amino acid depends on the size of the residue.
29
SASA values were used to identify surface residues, buried residues and the interface residues in the complex structures as follows. We have calculated SASA of each Around each surface residue we identified neighboring surface residues whose C β atoms (C α in the case of Glycine) fall within a sphere of a given radius, and defined 3 the group as a surface patch around that residue. We calculated an average conservation index (ACI) of positions in each patch of 10Å radii. The number of interfacial 5 residues present in the patch and the ACI values are given in Table 4 .
Results and Discussion
7
We have investigated the conservation of interfacial residues in the 28 X-ray crystallography defined hetero dimer protein complex structures, which are unique and 9 resolved at 2.0Å or at a better resolution (Table 1 (Table 4 ). In each group there are approximately 25% of the total residue positions. 
Density of conserved positions on the interface
In Table 4 the distribution is shown for amino acid positions in each conserva-9 tion class. We have shown data for two different cutoffs of 10% and 20% solvent accessibility to differentiate between surface residues, interface residues and buried 11 residues. Among the positions with residue surface accessibility larger than 10% and 13 interfacial contact area of less than 10%, the percentage of highly conserved residue positions (group 4) decreases to 16%. However, the percentage of these group 4
15
positions remained at about 26% for the interfacial residues. Focusing on the ratio between the fractions of conserved position occurrences 17 in the interface positions and the non-interface positions, it is less than one in the first three low conservation index groups, whereas in the high conservation group 4 19 the ratio is 1.6. Similar trends are observed when the limit of the solvent accessibility is increased 21 to 20% of the residue area to define the surface, interface and buried residues. The ratio of highly conserved residue positions is substantially increased in the interfacial 23 region. These observations clearly show that highly conserved positions are found more frequently in the interface region of the protein complexes.
Interfacial Residue Conservation in Protein Complexes 9
From the values in Table 4 group 4 positions on the non-interfacial surface is one in 7 positions, whereas in the interfacial surface, > 20% accessible residues with ≥20% of interfacial area, it is 9 one in 3.6 positions. This clearly shows that the number surface density of highly conserved residues is significantly higher in the interface region compared with the 11 non-interface regions of protein structures.
Average conservation index of interfacial residues
13
We have also studied patches of the surface residues in a given radius around each surface residue to investigate whether the average conservation index is higher for 15 the interfacial patches than for the non-interfacial ones. In Table 5 , patches are presented based on the number of interface residues (IR) they contain. We have 17 investigated patches with radius of 10Å. The average number of surface residues in the patch, the total occurrence of such 19 patches and the average conservation index of the residues present in the patch are calculated and presented in Table 5 . A residue is considered to be present on the 21 surface if at least 10% of the surface is accessible to the solvent. Table 5 . Average conservation of surface residues in each patch of 10Å radius. Interface residues (IR), average number of surface residues in each patch (ANSR), total number of patches (NC) and the average conservation index (ACI) of residue positions in the corresponding patches are given along with their standard deviations. An amino acid accessible area and interface residue contact area of 10% or greater is used to define the surface residues. In this analysis, the patches with 0 to 3 interface residues have an average According to our previous calculations there is on average one highly conserved position in every 6.12 positions in the non-interfacial regions and in every 3.81 11 highly conserved positions in the interfacial region. On average an interface patch of 20 residues has 3.27 highly conserved positions in the non-interface region and (Table 5) .
17
This analysis clearly shows that the average conservation index will not be useful in predicting functional interaction sites on protein surfaces. Nonetheless, 19 the results indicate that for interactions which are functionally very important, the number of highly conserved residues in the interfacial region may help us to identify 21 the putative interaction sites on the given protein structures.
32
Interestingly, in Table 5 we also find an increase in the average number of surface 23 residues per patch in the patches that have higher number of interface residues. In other words the interface patches are found to have slightly more compact packing 25 compared with non-interface patches. This could be because the interface packing can be considered similar to the packing in the core region of the protein, with 27 more hydrophobic residues involved in tight packing. In contrast, the non-interfacial surface region may be more flexible, with appropriate gaps between the polar surface 29 atoms to allow for solvent molecules to interact more freely with the polar atoms on the surface. 
Validation on benchmark complex structures
The results above were obtained using a smaller group of well resolved pre-33 dominantly non-transient hetero complexes. In order to validate our results we have used an additional set of benchmark structures suggested by Chen et al., 26 
35
employed recently on several protein docking studies. We have considered nonantigen-antibody complexes (Table 2 ) and antigen-antibody complexes (Table 3) 37 separately in this analysis. It can be seen from Table 6 Table 6 . Conservation of positions in the interfacial and non-interfacial surface region of the benchmark structures. A loss in solvent accessibility of 10% or greater upon complex formation is used as a criterion to define interfacial (IN) and otherwise non-interfacial (NIN) residue. The ratios of the fractional occurrences are also given in a separate row for each group of complex structures. non-antigen-antibody complex structures, similar to the results in Table 4 , the frac-1 tion of highly conserved residue positions is higher in the interface regions compared with the non-interface surface regions. In the case of antigen-antibody complexes 3 the reverse pattern is observed with a small number of conserved positions in the interacting regions. Since antibodies are generated with variable amino acids as 5 a defense mechanism to interact with different antigens, we expect the interacting regions to be variable and these are not the functional part of the evolved 7 interactions. Interestingly, antigen interacting regions also have a higher number of non-conserved residue positions in the interacting region than the rest of the 9 protein surface (Table 6 ). The calculated conservation index values depend on the number of available 11 homologous sequences and the evolutionary distance among them and hence, we also calculated a relative conservation index of positions. We arranged all the sur-13 face residues in a descending order according to their conservation index and computed the ratio of their fractional occurrence in the interfacial versus non-interfacial 15 regions in each complex. We thus obtained the average value and the corresponding standard deviations (Table 7 ). For about 82% of the complexes the ratio is 17 higher than 1.0 with average values of 1.28 or greater depending on how interfacial residues are defined (either > 10% or > 20% contact area). In Table 7 Among the top 30% of the highly conserved surface positions (20% contact 1 area), interface positions have 40% more conserved positions than the non-interface ones. We feel that this difference is significant enough for assisting the prediction 3 of interface positions on the protein surface.
32
It should be noted that we have assumed that the surface regions that do not 5 participate in each of the specific complex that we examined are altogether noninteracting sites, which may not be true in vivo. Some of these surface regions might 7 actually be involved in transient complexation with other protein molecules, not included in the crystal structures. Hence, in our analysis these sites might appear 9 as false positives (may have significantly large number of conserved positions but non-interacting) although in actuality some of them may be binding sites. 
Concluding remarks
In summary, we observe that the number surface density of highly conserved residue and structural data analysis modeling and structure prediction studies. 
